Calculation of wear (f.i. wear modulus) in the plastic cup of a hip joint prosthesis by Ligterink, D.J.
Wear, 35 (1975) 113 - 121 
0 Elsevier Sequoia S.A., Lausanne - Printed in the Netherlands 
113 
CALCULATION OF WEAR (f.i. wear modulus) IN THE PLASTIC CUP 
OF A HIP JOINT PROSTHESIS 
D. J. LIGTERINK 
Thence University of Technology, ~nschede (The Netherlands} 
(Received April 14, 1975) 
Summary 
The wear equation is applied to the wear process in a hip joint 
prosthesis and a wear modulus is defined. The sliding distance, wear 
modulus, wear volume, wear area, contact angle and the maximum normal 
stress were calculated and the theoretical calculations applied to test results. 
During the wear process the increase of the wear modulus is about 
100 Nmm-’ per mm sliding distance in the Charnley and the Charnley- 
Muller hip joint prosthesis. From the wear volume point of view the Charnley 
prosthesis is probably superior to the Charnley-Muller prosthesis if run-in 
before implantation. 
1. Introduction to the problem 
A better understanding of the wear of a hip joint prosthesis is required, 
particularly of the plastic cup of the prosthesis. Results of measurements are 
available [l] and it is of interest to develop a theory to allow a better 
understanding of the wear process of the plastic cup. First the possibility of 
c~culating a wear modulus in the cup at any moment during the wear 
process requires consideration then the calculation of the wear volume and 
the wear area if the maximum wear depth is known. 
2. Solution of the above-mentioned problems 
2.1. ~al~~lat~~~ of the wear rn~d~lus 
The wear equation [Z, 31 can be written as follows: 
Ad, 0, -- 
Xi--W 
(1) 
where Ad, is a small part of the wear depth (mm) and is measured perpen- 
dicular to the sliding surface; As is a small part of the sliding distance (mm); 
u, is the normal stress (Nmmm2) on the sliding surface; W is the wear 
modulus (Nmm-‘); (see Fig. 1). 
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Fig. 1. Refers to kqn. (1). 
(2) 
where K is the wear factor, mentioned in ref. 3. 
Definition of a wear modulus 
The wear modulus is the normal stress on the sliding surface when the 
wear depth equals the sliding distance (see eqn. (1)). 
Consider any point P of the contact surface in the plastic cup during 
functioning of the prosthesis and assume that the magnitudes of the wear 
modulus at every point of the contact surface are equal to one another; see 
Figs. 2 and 3. Creep does not occur in the wear surface of the plastic cup [l] a 
Z-axis 
IAd, 
t I Z-axis 
Fig. 2. Ball in cup. Fig. 3. System of coordinates. 
Equation (1) is applied at point P in Fig. 3 [7] where M is the centre of 
the ball in the cup; r is the radius (mm) of the ball; 8 is the angle (rad) be- 
tween the radius r and the z-axis (= the direction of the load F (N) on the 
ball and cup); @ is the angle (rad) between the x-axis and the plane PMW 
z-axis; the y-axis is the rotation axis of the ball of the prosthesis during 
functioning; a is the rotation angle (rad). 
During the wear process the wear depth rates in the direction of the 
z-axis at every point of the contact surface are equal to one another 
(= Ad,); see Fig. 2: 
A& 
P2P3 = Ad, =- 
CDS 8 
115 
(3) 
The sliding distance (s) at point P, moves round the y-axis, see Fig. 3: 
As = ra Aa (4) 
Aa= oAt (5) 
where w is the angular speed (rad s- ’ ) and A t is a small part of the time (s). 
From Fig. 3: 
r3 = cosLt3 + sin20 cos2(P (6) 
Substituting eqns. (3), (4), (5) and (6) in eqn. (1) gives: 
=W 
Los I3 Adz 
(7, 
wr&%s28’sin28’F At 
When@ =0: 
(7) 
W Ad, 
=?I@=0 = ---cos e- 
At 
When* = 90”: 
W Ad, 
cJ,+g(-Jo = -- 
wr At 
(74 
(7b) 
A = total contact area 
F= s 02 dA (8) 
A=0 
where F is the load on the ball (N); see Fig. 2; u, is the stress on the surface 
of the cup in the direction of the z-axis; dA is an infinitesimal area as func- 
tionofr,8 and@: 
dA =r2sin0 dad0 (9) 
ez = c0s e0, (10) 
Substituting eqns. (7), (9) and (10) in eqn. (8) gives 
F_ 4;wy; Im;; Je=ee cos2e sin e 
O=. +Z2e + sin28% dedcP 
(11) 
@=O 
In eqn. (11): 
c0s2,e sin e 
~s2Wn2Xcos2~ 
= G(B,@) (12) 
Numerical calculation of G(8 ,a) for the angles 0 < 0 < 1 and 0 < @ < i 
rad gives an approximation for G(B ,(a): 2 
G(O,@) = - o.8ie2 + 1.178 (13) 
Substituting eqns. (12) and (13) in eqn. (11) gives: 
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4rW Ad, 
F =; z (0.920: -- 0.4248:) 
UF 
W= 
4r 2 (0.920: -- 0.4240:) 
(14) 
(15) 
where Be is the contact angle (rad) between the z-axis and the line MballS 
(see Fig. 2); S is a point on the edge of the contact area. Angle Be may be 
calculated, see Fig. 2 triangle: M,,,MballS and page 68 of ref. 4: 
cosp = 
r2 + (Ar + d,)2 - (r + Ar)2 
2r(Ar + d,) 
where Ar is the radial clearance (mm) between ball and cup; d, is the 
maximum wear depth (mm) in the direction of the z-axis. 
-Ar 
cosp = 
Ar+d, 
Ar 
and case,=- 
Ar+d, 
2.2. Calculation of the wear volume and the wear area 
(16) 
(17) 
(18) 
The wear volume is determined by the difference of the volumes of the 
cones. The cones have a circular base of VS = a mm radius; see Fig. 2; and a 
height of VT = b mm. The volume of a cone [4] is 
V =!!-a2b 
cone 
3 
a = r sin ee 
From Fig. 2 and substituting eqn. (20) in eqn. (19) the wear volume is: 
V, = 5 r2 sin20,d, 
Substituting eqn. (18) and sin20, + cos2e8 = 1 in eqn. (21): 
d,2 
VW = 5 r2 (2Ar + 4) (Ar + d,)2 
The wear area can be calculated by the following formula [4], Fig. 2: 
A ball = 2nr b 
b = r(1 - cos e,) 
Substituting eqns. (18) and (24) in eqn. (23): 
dz 
A, = 2nr2 - 
Ar+d, 
The maximum sliding distance in the prosthesis is equal to: 
(19) 
(20) 
(21) 
(22) 
(23) 
(24) 
(25) 
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s=rwt (26) 
where r is the radius of the ball (mm); w is the angular speed (rad s-l); t is 
the time (s). 
3. Application of the solutions 
The experimental results of Paul et al. [l] are given in Table 1. 
To calculate the sliding distance (s), the wear modulus (IV), the wear 
volume (VW), the wear area (A,), the contact angle (0 ) and the maximum 
stress in the prosthesis (u,,,, ) the derived equations are used. One unknown 
factor Adz/At in eqn. (15) can be obtained from Fig. 4; the points C1, Cs, 
CM1 and CM2 being derived from Table 1. 
maximum CI / 
weor 
depth 
t 
,,. . . . . . . . . . . . . . . . >.y 
Cr 
.- 
/0* 
Adz_ t 
dz(pm) ,2o,. . . . . . . .C’_@- 
-a-- I 
13.1 I;$ 
<(i 
’ = 211,“~ 
I 
/iiT: 
/ * CA2 
0 ,I 10’ 
time t (*I -----) 
36 10’ 
Fig. 4. Maximum wear depth as function of time in cup (see Table 1). 
There are only a few test points available [1] concerning the wear 
depth d, as a function of time for the Charnley prosthesis: (t = 0 s; d, = 
0 pm), (t = 18 X lo5 s; d, = 120 pm) and (t = 36 X lo5 s; d, = 150 pm). 
Similar data of the Charnley-Muller prosthesis are available. Suppose at 
the point (t = 0 s; d, = 0 Brn) the required equations have roughly the 
following condition: A t/Ad, = 0 or AddA t = m. A polynomial through the 
points C1, Cs and the points CM1, CMs can now be calculated (see Fig. 4 and 
ref. 5). For the wear process in the Charnley prosthesis: 
t = 0.938 d: + 0.00085 d,4 (27) 
For the wear process in the Charnley-Muller prosthesis: 
t = 281 d,2 + 4.77 d; (28) 
where t is the time (s) and d, is the maximum wear depth (pm) in the cup. 
The magnitudes of Adz/At for the four points are given in Fig. 4. 
Table 2 gives wear data calculated by the equations, Fig. 4 and Table 1 and 
Fig. 5 is derived from this table. 
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Fig. 5. Wear modulus as function of sliding distance in hip joint prostheses; derived from 
Table 2(a) and Table 2(b); test conditions: vitallium against high density polyethylene, 
boundary lubricated, test is described in ref. 1. 
From Fig. 5 there is an increase of the wear modulus as a function of 
the sliding distance; this increase is equal to about 100 Nmmm2 per mm 
sliding distance in both prostheses. 
4. Provisional conclusion 
(1) From 500 to 1000 h the magnitude of the wear volume for the 
Charnley-Muller prosthesis is: 4 mm3 and for the Charnley prostheses: 3.4 
mm3. 
(2) During the wear process the wear moduli in both prostheses 
change in the same way. 
(3) The Charnley prosthesis is superior to the Charnley-Muller 
prosthesis if run-in before implantation if possible. 
(4) The results confirm the conclusions of Charnley [61 
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